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OVERVIEW



UPPER STAGE MODELING

Lockheed Martin
Atlas V 401

Boeing Delta IV Heavy

Second-stage DemoSat
Starboard strap-on RL10B-2 engine and Nanosat-2
booster \ \ payload
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http://www.boeing.com/defense-space/space/delta/delta4/d4h_demo/book04.html
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MOTIVATION

* During LEO — GEO transfer, upper stage coasts for several hours

* Upper stage must re-start at conclusion of coast phase for insertion

— g — oD AT — A W
1"“ T }
MECO PLF SECO-1 Restarn SECO-2
(246 sec) — Separation 167 kmby Stagell 185 km by
(278 sec) 186 km (4101 sec) 35786 km
(854 sec) at 27 deg
(4336 sec)
/]
Time Altitude Acceleration
(sec)  (km) (@) Event
0 0 1.15 Liftoff
83 9.4 1.60 Mach Number = 1.0
94 129 1.70 Maximum dynamic pressure
246 887 6.00 Main-angine cutotf (MECO)
251 105 0.00 Stage L1l separation
268 122 0.37 Stage i ignition
278 131 0.41 Jettison fairing
854 190 0.83 Second stage engine cutoff 1 (SECO-1)
4101 172 0.84 Stage II ignition 2
4338 227 1.44 Second stage engine cutoff 2 (SECO-2)

Liftot!, CBC Main
- Engine Ignited

Typical Delta 4 Medium launch sequence to

geosynchronous transfer orbit from Cape
http://www.spaceflightnow.com/news/n0201/28delta4mate/deltadmedium.html

lta-4M-+(4,2) (Delta-4240)
p ://www.skyrocket.dc/sga'ce/
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WHAT CAN HAPPEN INSIDE TANKS?

A
d-
v~ Second-stage .Serf?n stage  geco-3
< > ignition-2 oS t= 20,427.3 sec
N Y e & t = 20,233 sec
VY IR el —ba
ol SECO-2 "\ Df,-moSat payload separation
“Parki bit t=1,711.6 sec | t = 20,977.5 sec _
248 bl \ Orbit = 19,622 x 19,623 nmi
7.7 min coast \

at 10-deg Inc

Transfér orbit
5.14-hr coast

olar heating
Propellants (LH, and LO

* Propellants may boil

« Slosh events during maneuvers

XSS-10 view of . ) te uses its 1 a m ew.the second stage of the
R ol Z s httn ~§y_stems/xss.htm
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WHY IS IT IMPORTANT?

* Propellant T&P must be within specified range for turbomachinery operation
— If propellants outside specified T&P box engine may not restart
— Orbit cannot be circularized

4-m Configuration (Delta IV-M, Delta IV-M+ (4.2))

» Modified Delta Ill second stage
* 4-m-dia LO2 tank
* Defta lll Pratt & Whitney RL10B-2 engine

* 4-m-dia stretched LO2 tank
« 5-m-dia LHy tank
« Delta Iil Pratt & Whitney RL10B-2 engine

http://www.spaceflightnow.com/news/n0201/28deltadmate/deltadupperstage.html http://www.pratt-whitney.com/prod_space rl10.asp
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ENGINE START AND OPERATIONAL REQUIREMENTS

Start Box

Engine Inlet Temperature

Steady-State
Operation

o

) : 2 A0 (DA 5
LITZHIC THITU TTTSSUIT

* Propellants must be within a narrowly defined range of temperature and pressure to
guarantee engine ignition (restart) at conclusion of coast phase

* Generic LOX map shown
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Technicians Pat Garlen (left) and Chris Batie drill spiice plates for the intermediate
frames on a Deita I rocket liquid oxygen tank in Decatur, Ala.
[ ]
[ ]

Boundary layer profile
important for mass flow
(thickness of stratum) and heat
transfer (temperature of
stratum)

In LH, tank 1sogrid wall is
present

[s this momentum and thermal
boundary layer similar to
laminar, turbulent or something
different?

What is influence of
recirculation zones?

Pursuing numerical and
experimental work to assess
boundary layer profile with full
Gr and Re matching
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COMPUTATIONAL MODELING



Computational Modeling: Introduction

« Forced flow CFD analysis over Isogrid performed
— compared with flat plate analysis
— boundary layer thickness compared to flat plate
* Results show Isogrid with 200-450% larger boundary layer compared to flat plate

* Good agreement in trends with windtunnel experiment
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Computational Modeling: Introduction

Forced flow CFD analysis give qualitative result to boundary layer thickness of
[sogrid surface

Free convective CFD models needed to properly asses stratification
Framework first developed for smooth wall tanks; compared to theory

Computational modeling done in FLUENT
Free convective CFD model developed using
— Unsteady coupled implicit solver
— Boussinesq density model used (p const. except in buoyancy term in mom. eq.)

gravitational acceleration —— .

Symmetry edge (svimetry)
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1

I
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Upper/lower walls (adiabatic)
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Computational Modeling: Smooth wall

8 =0001 K
g% =1
1

Simulations run to check Ra scaling

on smooth wall tanks

Temperature contours compared after

10,000 seconds using non-

dimensional temperature,

i 0
et —h 1 00% =
Twall_Too 9

Map interpreted as:

the results from [col. #] mapped onto

the grid of [row #]

{x,y}

wall

Nror =
239 600

6=001LK

g/g, = 101

6=01K

g/g, = 107

6=1K

gg, = 10°

6=10K

g/g, = 104

Nror =
220,600

]XIOO%

Nror =
16,200
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3

4

Nror =
16,200

Nror =
16,200
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Computational Modeling: Smooth wall

« Ra scaling held extremely well at gravity levels below 10-!

* Rascaling also checked between fluids (Water and LH2)
— <7 % difference in results after 1 hour

Case 3 (Water) Case 3 Grid w/f LH2

Difference between results

005§ 005§

0.1 01§

02ff | 0.2

025 @

0.25 §

xnode

03 "
0 0.05 0.1

X node ¥ node
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Computational Modeling: Rough walls

« 2 roughness configurations
1. 1/10 scale Isogrid baseline case
2. Full-scale tank at 20% fill level

# o | ——

| Lbcation"g' - y=0.265m |

Location8 | y=0.235m |

Location 7 y=0.205m |

Location 6 -~ y=0175m |
* Velocity and t tu Location’5 | y=0.145m
samplec}il :t 9 Veenr:?czrlatarrli Location4™" | | y=0.115m
locations Location 3 y =0.085m
Location 2° y=0.055m
Location 1~ y=0.025m
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EXAMPLE OF VELOCITY PROFILES AT LOCATION 1
JUST ABOVE 1* ISOGRID ELEMENT

CFD ‘{9 mgp:‘ﬁw Pr@ Curnpaﬂ%@n @ Location 1 ( = ﬁﬂ?ﬁ)
dl! S e e Rcmaenos
E@ngﬂd ED ‘

lzogrid, 100 s
lsagrid, 180 s

06 lsogrid, 2005 |

Smooth, 50 s

04+ ———Smooth, 100 s

= =—--5Smooth, 150s | .~

02} Srr"mth 2008 [

1

0.8
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Increasing time
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VELOCITY PROFILES AT LOCATIONS 1-9

CFD \ejgrhty Profile Comparison @ Location 1 (y=0.025)  CFD Vejpity Profile Cornparison @ Location 2 (y = 0.055)  CFD Vejorty Profile Comparison @ Location 3 (y = 0.085)
1 . . v T T T M T ; N : :

S 1s0gid,50 5 1 1‘5H...‘§ SRREE ......... B e : : : f :
08k ~ -lsogn'd,10):|g '_., 2 . . . .‘ 15} 3 ......... , ......... . ...

-Isogrid, 150 s
- 06} Isogrid, 200 s
E ——— Smooth,50 s
> 0.4} ———Smooth, 100 s
—~—--Smooth, 150 s
02H Smooth, 200 s
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CFD Velprity Profile Comparison @ Location 4 (y = 0.115)  CFD Yeigﬁty Profile Comparison @ Location & (y =0.145)  CFD \;e{g*hy Proﬁle Companson @ Locatnon 6(y=0.175)
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CFD Vejortty Profile Comparison @ Location 7 (y = 0.205)  CFD Velgehy Profile Comparison @ Location 8 (y = 0.235)  CFD \{e{gp‘hy Profile Companson @ Location 9 (y = 0.265)
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TEMPERATURE PROFILES AT LOCATIONS 1-9

CFD Tn%rr“p Praofile C urrrn.:aa Ison & L, 0 Location 1 (y = 0.025)
£

T — =
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TEMPERATURE PROFILES AT LOCATIONS 1-9

CFD Temp. Profile Comparison @ Location 1 {y = 0.025)
c
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4 Isogrid, 100 &
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3 lsagnd, 200 s
o
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CFD Temp. Profile Comparison @ Location 3 (y = 0.085)
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0.15

0.14 0.15
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CFD Temp. Profile Comparison @ Location 3 (y = 0.265)
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Computationél Model'ing : Rough walls

Various cases run featuring different heat loads and gravity levels
Sample case shown (geometry 1), g/g, = 102, 0 =5 K, Water

Rough wall tank compared to equivalent smooth wall case for
constant wall temperature

— Isogrid has larger thermal boundary layer,
— larger boundary layer thickness,
— u,, dependant on Gr (inc. relative to smooth with inc. Gr)
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Computational Modeling : Rough walls
At low gravity levels, Isogrid mass flow rate larger; fluid entrained faster
compared to smooth

Energy flow rate also larger; stratum warms more 1 - lsognd, 50 s
X10-3 Mass Flow Rate vs. Wall Height - Erﬂ@ Eﬂt h i SD' s

E—— T I I

2.5 %mwss ..... .................................. ................................ .............................. e e e %ﬂgﬁ'iﬁ:| *“]E“ S

Isognd, 100 s

— — -Smooth, 150 s
Isogrid, 200 s

smwm = -~ -lsogrd, 150 s

Isagrid, 200 s

| — =— —Smooth, 100 s

—-—--Smaooth, 1580 s

LMass flow rate, kg/s

o
o

0 0.05 0.1 0.15—1 0.2 0.25

Wall Location, mw
2007 TFAWS
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CONCLUSIONS

Shown for low gravity levels that Isogrid boundary layers entrain fluid faster
compared to smooth wall cases

Results in an increase in stratification rate (up to 100% increase for certain
geometries and spacecraft acceleration levels)

Larger thermal boundary layers and increased heating area from Isogrid results in
warmer stratum temperatures compared to smooth

In addition, wall conduction is currently being added to models

Y-Velocity Contours Temperature Contours
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